The friction and wear characteristics of various Y-TZP-sialon sliding systems were examined. These systems consisted of a Y-TZP sphere reciprocating against various sialon plates. The sialons differed in phase content and composition. They range from cz-sialons to 13-sialons and include 0~-13 composites. The length of the wear tracks was 10 mm, the loads used were 2 and 8 N, the frequencies 1,4 and 8 Hz and the humidity was controlled by flushing with dry nitrogen. The tests were continued for 8, 24 and 72 h at room temperature. The total vertical displacement and the friction coefficient were measured continuously and sampled. Various additional measurements were performed after each test and the worn surfaces were observed microscopically. It was concluded that the :z-J3 composites show less wear than the 0~-and 13-sialons. It was also concluded that the amount of wear increases approximately linearly with load and increases significantly more than linearly with frequency. A wear mechanism was derived incorporating the measured data and the observations.
I. Introduction
Many structural ceramics are regarded as materials suitable for wear-resistant applications. However, the complexity of a wear system has made it difficult to present common laws and it is practically impossible to give reliable predictions for a wear system which has not been tested before.
There has already been a substantial amount of interest in the literature in the wear behaviour of ceramics (e.g. [1 9] ). Some of this literature is about common principles that are likely'to play a significant role (e.g. [1, 2] ) or about round-robin tests (e.g. [3, 4] ). In some cases large amounts of experimental data are given from many wear systems, together with explanatory considerations (e.g. [5] [6] [7] [8] [9] ), In some other cases, the literature is about a rigidly defined wear system clearly corresponding to a certain application (e.g. [10] [11] [12] ). Much more research remains to be done before reasonable predictions can be given for a specific wear system.
For this study, wear systems of an yttrium-doped tetragonal zirconia polycrystal (Y-TZP) sphere sliding reciprocatively against various sialon plates were investigated. Sialons are an interesting kind of structural ceramic [13] [14] [15] [16] [17] , often mentioned in the literature as a wear-resistant material [18] [19] [20] [21] [22] and in some cases specifically as a material suitable for cutting tools [21, 22] . Zirconias are well-known materials fabricated in several varieties. One of these varieties is Y-TZP [23] [24] [25] [26] [27] . Some of the properties of the material have been described (e.g. [23, 24] ), the subject of superplasticity has been treated (e.g. [25] ) and degradation, important when the material is heated above 100 ~ has been discussed (e.g. [26, 27] ). The material has often been investigated as a wear-resistant material (e.g. [28] [29] [30] ).
In this study two test series were performed. The first series was done to investigate the influence of variations in the phase content or the composition of the sialon on the friction and wear characteristics of the system. The second series, performed on a single type of ~-sialon, was done to study the influence of load and velocity and to examine the reproducibility of the measurements. Earlier tests on various /~-sialons, as described elsewhere [31] , were performed under slightly different conditions to the first series of tests for the ~-sialons. Some additional measurements were therefore performed on one/~-sialon to compare the tribological properties of ~-and 13-sialons under the same conditions.
The friction coefficient and the total vertical displacement were continuously measured during the tests and sampled at certain time intervals. This continuous measuring of the vertical displacement is not recommended in the ASTM standard [32] because of the effects of debris and film formation, but it does give relevant information about the system during the test. Both film formation and the role of debris can be incorporated in a model describing the wear behaviour.
After each test various geometrical measurements were performed and the worn surfaces were visually examined with optical microscopy (OM) and scanning electron microscopy (SEM). Some surfaces were examined with energy-dispersive analysis of X-rays (EDAX). The data and observations were used to derive a wear mechanism.
Experimental procedure
The pin material used was in all tests a commercially available Y-TZP sphere with a radius of 2 mm and a polished surface. In Table I the properties of Y-TZP, measured on a plate of the same material from the same supplier, are given. These values are assumed to be comparable to the properties of the spheres. The sialons were fabricated at the Centre for Technical Ceramics. A summary of some of their properties is given in Table 1 . Most tests were performed on c~-sialons with different compositions (codes A1, A2, A3 and A4) and on composites (codes A5, A6 and A7). Additional tests were done with a fl-sialon (B5). Details of the processing and characteristics of these sialons are given elsewhere [15, 16] . The sialons were ground to a surface roughness, Ra, of 0.25 ~tm.
The wear tests were performed on a pin-on-plate tribometer (Central Technical Workshop, Eindhoven University of Technology). tn this set-up, a spherical Y-TZP pin reciprocates with a sinusoidal velocity on the fiat sialon plate. The track length for the tests was chosen as 10 mm with pin frequencies, f of 1, 4 and 8 Hz corresponding to maximum velocities of respectively 0.02, 0.08 and 0.16 m s-1. Normal loads, P, of 2 and 8 N were used. The duration was varied from 8 to 72 h. The experiments were performed in a flow of dry nitrogen at room temperature. This gives an approximately constant environment of less then 1% relative humidity.
The total vertical displacement of the pin during sliding was measured by an extensometer (Sangamo DG1). The frictional force was measured by a force transducer. The displacement and frictional force were simultaneously sampled under external triggering control with a computerized data acquisition system. After each external trigger pulse 2560 data points were taken in five series of 512 points, both for the vertical displacement and for the force signal, with a certain sampling frequency. For a pin frequency of 1 Hz, a sampling frequency of 50 Hz was used and for frequencies of 4 and 8 Hz, the sampling frequency was 100 Hz. The vertical displacement values were averaged. The auto-power spectrum of the force signal was calculated by fast Fourier transformation (FFT) [33] . This FFT was performed on the five time records of 512 points whose individual power spectra were subsequently averaged. The total energy was approximated by integrating the first, third and fifth order harmonics of the auto-power spectrum. Higher order harmonics can be neglected. The friction coefficient fc was calculated from these values according to
where Qi is the power of the ith harmonic and P the normal load.
Various additional geometrical measurements were performed. The weight loss of the pin was measured when possible and the track width on the plate was measured with the device mounted on a Leitz microhardness tester. The decrease in diameter of the worn Y-TZP sphere was measured with an extensometer (Heidenhain MT30, VT103) and profiles of some wear tracks on the plate were measured with a Talysurf 5 (Rank-Taylor-Hobson, Leicester). The worn surfaces were observed with OM and SEM. Some surfaces of worn spheres were examined with EDAX.
Two test series were performed as described in Table II . The first series was performed to determine whether there are significant differences in the tribological properties of the various sialons and composites. Various 13-sialons were tested at a load of 4 N and at a frequency 1 Hz in an earlier study [31] "Most data for the sialons are taken from [15] and [16] . The codes A1-A7 are used for the ~-sialons and composites. The code B6 is used for a 13-sialon. bGiven for sialons as the average diameter of the ~ grains and the maximum length of the 13 grains. For Y-TZP the average grain diameter is given. CMeasured in a three-point bend test, aapb, or in a biaxial test, ~bl. dFor Y,TZP and B6 sialon, values were measured in a single-edge notched beam test, while values for 0t-sialons were measured with the indentation method.
whereas in the present study the various ~-sialons and the composites were tested at a load of 8 N and at frequencies of 1 and 4 Hz. The second series was performed on one =-sialon (A2), chosen for no particular reason, to investigate the reproducibility of the measurements, to study the influence of load and frequency and to derive a wear mechanism for this system. This ~-sialon was tested at normal loads of 2 and 8 N, at frequencies of 1, 4 and 8 Hz and at times of 8, 24 and 72 h as shown in Table 2 . Four additional tests were done on a [3-sialon, (B6) under similar conditions as the tests performed on the ~-sialon, to compare the wear behaviour of the J3-sialon and the ~-sialon.
Results
In the following we present first some considerations about the geometry of the contact surface between a worn sphere and plate. This is done because the interpretation of the geometrical measurements is not straightforward if both pin and plate show significant amounts of wear. The contact surface between the plate and the pin has a complex geometry. Therefore two models (illustrated in Fig. 1 ) were used to approximate the shape of the contact surface from the measured geometrical data. A listing of the symbols used is included in the text of Fig. 1 .
According to model A, the surface of the sphere, which is in contact with the plate, will develo p into a flatter shape which can be seen as part of a new sphere with a larger radius r'. This r' can be calculated from y, r and a, and can be used to calculate the wear volumes of the sphere, using the area A2, and plate, using the A a. In model B, the sphere is flat at the bottom and keeps the original radius at the side which has also been in contact with the plate. This represents an upper boundary with a minimum amount of wear for the sphel"e. The radius of the bottom circle, b, can again be calculated from r, y and a and the wear volumes of the pin and plate can be calculated using respectively areas A2 and A1. Model A results in a maximum amount of wear for the sphere and a minimum amount for the plate, while model B results in the opposite. Both models assume that the profile of the sphere in the direction of the wear track is the same as the profile at right-angles to the wear track.
The width of the wear track, 2a, can be measured directly. The decrease in diameter of the sphere, y, can TABLE II Measurement scheme in which the first series was performed to examine the tribological properties of various sialons and the second series to examine the influence of P, f and t Ibl Figure 1 Two models to describe the shape of the contact surface between a sphere and a plate if both materials show wear (for explanation, see text). The initial radius of the sphere is given, by r, a is the radius as measured from the track width, y is the decrease in diameter of the sphere as measured, z is the maximum vertical wear-depth as derived from a and r, A1 is the worn area of the plate in cross-section, A2 is the worn area of the sphere in cross section, r' is the new sphere radius used in model A, and b is the radius of the circle which can be imagined on the assumption of a completely flat pin as used in model B.
be measured only if enough material has been removed during the wear process. The value of a can also be used to calculate z, which is the summation of the decrease in diameter of the sphere and the depth of material removed from the plate. The value of z can be compared with h, although they are not supposed to be equal.
In The results of the first series of tests performed on various [3-sialons are presented elsewhere [31] . These tests show no differences in tribological properties between the various fl-sialons.
The results of the first series of tests on the ~-sialons and the ~ [3 composites are given in Table III . The friction coefficientsfc(0) listed first in Table III are the values at the beginning of the test and the valuesfc(t) are the steady-state friction coefficients. The tests performed at a frequency of 1 Hz resulted in hardly any wear. Therefore no y values are given. The only geometric variables which could be measured reliably were a and the continuously measured vertical displacement, h. Some of the tests performed at 4 Hz did show enough wear to determine all the other variables. The results of this analysis are given in Table IV .
The average values given in Tables III and IV show a small, but consistent, difference in wear between the a-sialons and the composites. The values for a, z and h in Table III show the difference for the whole   31 90   Y-TZP sialon system while Table IV shows the separate values for the sphere and the plate. It is shown in Table IV that the wear of the Y,TZP spheres depends more on the sialon type than the wear of the sialon plates themselves. The steady-state friction coefficient fc(t) is less for tests with a composite than with tests with a pure a-sialon.
The value for A in Table IV depends on the sialon type, pure ~ or a composite, and thus on the amount of wear. Less wear, as for the composites, gives a low value for A and thus a preference for model B.
The results from the second series of wear tests, performed on sialons A2 and B6 under various conditions, are summarized in Table V. In Figs 3 and 4 the reproducibility of the vertical displacement measurements is illustrated. The majority of the tests showed the same good reproducibility. Not only the total amount of vertical displacement, but also the shape of the graphs and the occurrence of incidental events (Fig. 4a and b) are reproduced. The relevant interdependencies of vertical displacement, friction, load and frequency are presented in Figs 5 and 6 . The preferable method to obtain comparable data is to present,the data at a certain total sliding distance. The results for the friction coefficients are given in Fig. 5a and b. The tests performed with a load of 2 N show an increase in friction coefficient with increasing frequency. The friction coefficients at a load of 8 N are less than the friction coefficients at a load of 2 N at frequencies of 4 and 8 Hz.
T A B L E IV Calculation of wear volumes (W) according to models A (WA) and B (WB
Data for the ratio vertical displacement/load after certain sliding distances versus frequency are given in Fig. 6 . The data are directly taken from the vertical displacement graphs from which time and frequency are used to calculate the sliding distance. The dependence of vertical displacement on load is approximately linear as shown by the clusters of points. A representation of vertical displacement-load as a function of frequency after a certain sliding distance thus presents a clear picture of the wear-enhancing influence of increasing frequency.
The results of the four additional tests on the flsialon are similar to the results of the tests on the ~-Sialon as shown in Fig. 6a and b .
In Figs 7 to 10 pictures from worn surfaces are shown. The characteristics of these surfaces depend on the test conditions and not on the sialon type. The surface of the plate as shown in Fig. 7 is typical for tests at low load and low frequency. A surface with Fig. 8 is usually observed with straight dark bands alternating with bands of a "polished" surface. At high load and frequency a surface is observed as in Fig. 9 . The surface is covered with a dark layer without structure. These observations are also reported elsewhere [31] . The notion of dark bands or a dark layer on surfaces observed with OM is an indication of areas which reflect less light than accompanying bright areas. A heavily distorted, ploughed area next to a relatively flat area will appear as a dark area. Samples observed with SEM show parts with adhered and distorted material next to areas with material which resembles the unworn part of the plate. In Fig. 10 the surface of a Y-TZP sphere as observed with SEM is shown with various dark parts fixed on or into the Y-TZP. These parts were identified with EDAX as sialon. These observations and the test data were used to derive a wear mechanism for this system.
Discussion
The slight difference in wear resistance for the sphere and the plate between tests with sialon composites and the ~-sialons can possibly be related to the higher fracture toughness and the lower hardness of the corn- posites, which are shown in Table I . This is logical but not supported by additional arguments. The geometrical changes during a wear test in the contact between the sphere and the plate are not entirely clear, but there is some correspondence between the models and the experimental data. In the initial stages of wear, the surface of the sphere is flattened to a sphere with a larger radius than the original radius as shown in Fig. 2a because the plate as well as the sphere is worn. During continued wear, the area of contact will increase because an increased area of contact reduces local pressures. This means that model B is now more appropriate since the area of contact is larger for model B than for model A. Another relevant concept is the local pressure at the angles between the flat part and the curved part of the contact surface. If model B is followed, this angle will become sharper with increasing wear and the local pressure at this angle will increase. If the amount of wear is further increased, this corner will be flattened and this will result in a wear surface which can be described as a sphere according to model A. Table IV , which gives the results after tests performed under constant, rather severe conditions, shows the increasing importance of model A with increasing wear. The reproducibility as shown in Figs 3 and 4 is an indication of the reliability of the tests. These tests were performed on one ~-sialon. The large scatter between the data in Table I I I , more common for a wear test, is ascribed to the use of different materials. Small differences between material properties which appear to be irrelevant for the usually measured characteristics could well cause large differences in wear behaviour.
The friction data given in Fig. 5 indicate a load and frequency dependence of friction. An increase in friction with increasing frequency could be explained by the increasing importance of abrasion at higher frequencies. The lower friction at a load of 8 N relative to the friction at a load of 2 N is restricted to frequencies of 4 and 8 Hz and is not understood.
The relations between the total vertical displacement, frequency and load are illustrated in Fig. 6 . The clustering of points is an indication of an approximately linear relation between load and vertical displacement, since values of vertical displacement/load are plotted along the vertical axis. The severe increase in the total amount of wear with increasing frequency corresponds to the relative importance of abrasion, which will be discussed later.
There is some correspondence between the graphs of vertical displacement and the friction graphs. Points in the friction graph which are clearly higher or lower than the average friction usually correspond to discontinuities in the graph of the vertical displacement, as shown by an example given in Fig. 11 .
These considerations, the observations from worn surfaces and the various graphs are now used to derive a model for the wear mechanism. Basically, wear in the Y-TZP-sialon system is possible because of plastic deformation of both materials. The difference in hardness between Y-TZP and the sialons is not large enough to prevent wear of either one of the materials. Severe wear by abrasion is possible due to the following process. Adhesion is concentrated at the turning points on the plate. At these turning points, sialon fragments break loose from the plate and are incidentally attached to the Y-TZP sphere as shown by EDAX. This can be caused either by adhesion or because the sialon fragment is indented into the sphere. These sialon fragments will cause abrasion of the plate in a straight line, resulting in a dark band on the plate. When such a fragment is attached to the sphere, there can be an upward movement of the sphere which is observed in the vertical displacement graph. During abrasion of the fragment this upward movement can continue due to the increase in debris. Occasionally a larger piece of sialon part can cause an incidental large upward movement corresponding to an incidental change in friction. A higher frequency will enhance these processes. Many sialon fragments attached to the sphere will cause a film of abraded debris. Frequency is thus the main variable which determines the contribution of abrasion to the total amount of wear. More experimental work could be done on comparable systems to verify these considerations. 5. Plastic deformation of both materials causes wear under mild conditions. 6. Adhesion and the development of debris in the contact area giving abrasion are assumed to be the cause of severe wear of both materials.
Summarizing conclusions

